Understanding how pathogens invade and become established in novel host populations is central to the ecology and evolution of infectious disease. Influenza viruses provide unique opportunities to study these processes in nature because of their rapid evolution, extensive surveillance, large data sets and propensity to jump species boundaries. H5N1 highly pathogenic avian influenza virus (HPAIV) is a major animal pathogen and public health threat. The virus is of particular importance in Indonesia, causing severe outbreaks among poultry and sporadic human infections since 2003. However, little is known about how H5N1 HPAIV emerged and established in Indonesia. To address these questions, we analysed Indonesian H5N1 HPAIV gene sequences isolated during [2003][2004][2005][2006][2007]. We find that the virus originated from a single introduction into East Java between November 2002 and October 2003. This invasion was characterized by an initially rapid burst of viral genetic diversity followed by a steady rate of lineage replacement and the maintenance of genetic diversity. Several antigenic sites in the haemagglutinin gene were subject to positive selection during the early phase, suggesting that host-immunedriven selection played a role in host adaptation and expansion. Phylogeographic analyses show that after the initial invasion of H5N1, genetic variants moved both eastwards and westwards across Java, possibly involving long-distance transportation by humans. The phylodynamics we uncover share similarities with other recently studied viral invasions, thereby shedding light on the ecological and evolutionary processes that determine disease emergence in a new geographical region.
Introduction
The ecological and evolutionary processes that determine species invasion are inextricably linked. Much of our knowledge of these processes has come from a large body of theoretical work (Shigesada & Kawasaki 1997; Edmonds et al. 2004; Travis et al. 2007; Munkemuller et al. 2011) , and until recently, there were relatively few genetic studies in this area. Empirical investigations of animal or plant populations are challenging because the comparatively short duration of study means that few mutations are expected to accumulate during the timescale of invasion events. RNA viruses are characterized by extremely high evolutionary rates (in the range of 10 )4 to 10 )3 nucleotide substitutions per site per year; Duffy et al. 2008) , such that they exhibit measurable molecular evolution within the time frame of human observation (Holmes 2008 ) and therefore constitute an ideal system by which to study the spatial and temporal dynamics of invasion, particularly in the context of cross-species transmission and emergence. Of the diverse array of RNA viruses infecting animal species, H5N1 highly pathogenic avian influenza virus (HPAIV) represents a particularly good model because of its propensity to jump species boundaries, its well-documented invasion history, the ongoing surveillance for infections and the large-scale sequencing of viral genomes. In addition, recent advances in phylogenetic methods (reviewed in Lam et al. 2010 and provide new opportunities to examine the ecological and evolutionary dynamics of virus invasion and spread (i.e. their 'phylodynamics') at an ever finer resolution (Grenfell et al. 2004; Biek et al. 2007 ). H5N1 HPAIV was initially isolated from farmed geese in Guangdong province, China, in 1996 (Xu et al. 1999 . It spread to poultry markets in Hong Kong in 1997 (Shortridge et al. 1998) and was later found circulating continuously and asymptomatically among poultry in southern China (Webster et al. 2002) . H5N1 HPAIV outbreaks recurred in 2003, persistently affecting poultry farms in many East and South-East Asian countries, such as Thailand (Suwannakarn et al. 2009 ), Vietnam (Long et al. 2011) and Indonesia (Poetranto et al. 2011) . More importantly, sporadic zoonotic transmissions to humans occurred continuously in most of the countries affected by H5N1 HPAI and imposed a serious threat to global public health (WHO 2011) .
H5N1 HPAI outbreaks among the poultry farms in Indonesia began in Central Java in August 2003. Soon after, the virus was reported in other parts of Java, and by January 2004, almost two-thirds of the regencies and cities in Java had been affected (Soebandrio 2005) . The virus eventually became enzootic in Indonesia and caused sporadic zoonotic transmissions to humans, with the first confirmed human case in July 2005 (Sedyaningsih et al. 2007) . Three clusters of H5N1 virus among family members were identified in 2005, which raised concern about possible human-to-human transmissions (Kandun et al. 2006; Normile 2006) . As of August 2011, 178 H5N1 human cases have been reported in Indonesia resulting in 146 deaths, a number that exceeds all other countries affected (WHO 2011) . Although there was a significant decline in human infections during 2009-2011 (only 37 cases resulting 31 deaths), H5N1 HPAIV remains a lethal pathogen associated with an almost 60% overall mortality in humans (WHO 2011) . While H5N1 HPAIV has been endemic in some countries such as China, the risk of re-introducing new genetic variants of H5N1 HPAIV into Indonesia should not be neglected, especially as such a phenomenon has also been reported in both Vietnam and Thailand (Chutinimitkul et al. 2007; Dung Nguyen et al. 2008) . As such, an in-depth understanding of the phylodynamics of H5N1 HPAIV in Indonesia may shed new light on the basic mechanisms underlying the viral invasion and spread in a specific geographical region, providing insights that may be generalized to influenza elsewhere and to other pathogens.
In this study, we undertook a detailed phylogenetic analysis of the haemagglutinin (HA) and neuraminidase (NA) gene sequences of Indonesian H5N1 HPAIV. These data, combined with temporal and spatial information on the viruses in question, were used to understand viral evolutionary dynamics as well as geographical dispersion from the initial invasion to its eventual maintenance in Indonesia. In particular, we aimed to test whether the initial invasion of H5N1 HPAIV into the poultry populations of Indonesia was associated with a burst of adaptive evolution that might signify active host adaptation, and to determine the ecological (e.g. dispersion, population structure) and evolutionary (e.g. selection) factors that facilitated the persistent circulation of the virus.
Materials and methods

Sequence data collection and alignment
Nucleotide sequences of HA and NA genes of all available H5N1 viruses obtained from avian and mammalian isolates in Indonesia during outbreaks from late 2003 to early 2007 were extracted from the public databases at the NCBI Influenza Virus Resource (Bao et al. 2008 ) and the Los Alamos Influenza Sequence Database (hosted by Los Alamos Centre; http://www.flu.lanl.gov). Only a very small number of sequences (<5) were sampled after 2007. Sequences of each genome segment were aligned using MUSCLE v3.6 (Edgar 2004) . In total, 213 HA (1704 bp) and 138 NA (1347 bp) sequences were used in this study (Table S1 , Supporting information).
Phylogenetic analysis
Phylogenetic trees were inferred from the alignments using a maximum likelihood (ML) approach implemented in PHYML v2.4.5 (Guindon & Gascuel 2003) . We used the general-time-reversal (GTR) substitution model and allowed for among-site rate heterogeneity using invariable sites (I) and a discrete gamma (C) distribution with 4 rate categories. To assess the robustness of the tree topology, a set of 1000 pseudo-replicates of the sequences was generated and used in bootstrapping analyses employing the ML method implemented in PHYML and the neighbour-joining (NJ) method implemented in PAUP* v4b10 (Swofford 2003) . Clustering confidence was also assessed by the posterior probability
estimated using a Bayesian Markov chain Monte Carlo (BMCMC) method implemented in MRBAYES v3.1.2 (Huelsenbeck et al. 2001) , again assuming the GTR + I + C 4 nucleotide substitution model. All phylogenies were rooted using sequences isolated from southern China that showed the highest sequence similarity to Indonesian H5N1 sequences, and which were the likely source of those viruses circulating in Indonesia (Wallace et al. 2007) .
Estimating the timescale of evolutionary change and population dynamics Evolutionary parameters including rates of nucleotide substitution, tree topologies, demographic histories, time to the Most Recent Common Ancestor (tMRCA) and the parameters in GTR + I + C 4 model were jointly estimated from each gene data set of Indonesian H5N1 HPAIV using a BMCMC approach (Drummond et al. 2002) as implemented in BEAST v1.5.1 (Drummond & Rambaut 2007) . Both strict and relaxed molecular clock models with uncorrelated lognormal (UCLN) and exponential (UCED) distributions , which accommodated the rate variation among tree branches, were fitted separately and evaluated using Bayes factors (Suchard et al. 2001) . Markov chains of 2 · 10 7 generations sampling every 1000 generations were used after discarding 10% as burn-in. The relative genetic diversity (N e t; also known as 'scaled effective population size') of H5N1 HPAIV through time was inferred from the distribution of coalescent events observed in the genealogy (Pybus et al. 2000) of the HA and NA data sets. We used a Bayesian skyline plot (BSP) model, which does not assume a prespecified demographic scenario, to estimate the posterior distribution of N e t through time (Drummond et al. 2005) , and which was co-estimated with other parameters in the BMCMC analysis. Because the logistic growth demographic model implemented in BEAST could not be successfully applied to the entire Indonesian H5N1 HPAIV data set, ML demographic models (constant, exponential and logistic growth; Pybus et al. 2000) as implemented in GENIE (Pybus & Rambaut 2002) were used to qualitatively estimate the demographic parameters from the maximum clade credibility (MCC) tree sampled in the Bayesian analyses. A likelihood ratio test (LRT) was used to select the best-fit demographic model (Pybus & Rambaut 2002) .
Analysis of selection pressures
Putative positively selected sites in the HA and NA gene sequences of Indonesian H5N1 HPAIV were identified using the fixed effect likelihood (FEL) method implemented in HYPHY version 0.99b (Pond et al. 2005) , as well as the M7 ⁄ M8 models implemented in CODEML program of PAML package v3.15. Identical sequences were excluded from these analyses. The distribution of selection pressures across the HA and NA phylogenies was studied further by locating the phylogenetic positions of all substitutions at positively selected sites. Substitutions along each tree branch were determined by inferring the ancestral sequences using the joint ML method (Pupko et al. 2000) implemented in the HYPHY package.
To determine whether there was significant clustering of positively selected substitutions during a particular time period, and hence whether the frequency of adaptive evolution has changed during the viral invasion and maintenance in Indonesia at 2003-2007, a sliding window of 0.5 year in width was used over the timescale inferred for the Indonesian H5N1 HPAIV phylogeny based on the best-fit molecular clock model (i.e. UCED); from this, we determined the proportion of positively selected substitutions relative to the total number of amino acid substitutions within that time window. To account for topological uncertainty, this window-sliding analysis was performed on a set of BMCMC sampled trees.
We also determined the extent of nonsynonymous and synonymous divergence in the complete HA and NA gene sequences over time by calculating the mean accumulation of substitutions in each class along all lineages, averaged over the set of phylogenetic trees (i.e. 200 randomly) sampled in the BMCMC analysis (Lemey et al. 2007 ). The number of nonsynonymous and synonymous substitutions on the tree branches was estimated using a codon substitution model that segregated nonsynonymous and synonymous rates (Muse & Gaut 1994) into individual parameters based on the MG94xHKY85 substitution model implemented in HYPHY.
Phylogeography of H5N1 HPAIV in Indonesia
We analysed patterns of spatial diffusion at two levels of geographic resolution: province (i.e. 1st-level administrative region) and administrative regency (and city). As the majority (124 of 213) of H5N1 HPAIV in our HA sequence data set were isolated in Java and Bali, and which form the backbone of the clade 2.1 phylogeny (Fig. 1) , only sequences from these locations were included in the phylogeographic analyses. Genes other than HA were not studied because there were insufficient available sequence data.
A parsimony-based phylogeographic method was used to estimate the geographical states of the ancestral nodes in the phylogenetic tree. In the Slatkin-Maddison test (Slatkin & Maddison 1989) The direction of migration was also estimated using a discrete Bayesian phylogeographic method (Lemey et al. 2009 ) implemented in BEAST. This approach treats the geographical states as discrete traits that evolved along the phylogeny and models the rates of transition between different geographical states in a substitution matrix. Similarly, we used a multivariate diffusion model implemented in BEAST to infer H5N1 HPAIV dispersal in continuous geographic space . This model considers the latitude and longitude for the sequences as bivariate traits. All other parameter settings were the same as in the BEAST analysis described earlier, except that a longer chain length, that is, 5 · 10 7 , and a longer sampling interval, that is, every 5000 steps, were used to achieve convergence.
Results
Phylogenetic diversity of Indonesian H5N1 HPAIV
The phylogenetic trees obtained here were generally consistent with both our previous study (Lam et al. 2008a ) and a more recent phylogenetic analysis of H5N1 HPAIV in Indonesia (Takano et al. 2009 ). Early appearing and phylogenetically unresolved lineages are largely composed of those viral sequences isolated in 2003-2004 and therefore depict viral evolution at the onset of the outbreak. In accordance with previous studies, lineages from groups 1, 2, 3 and 4 were identified as well-supported clades in the phylogenies of both the HA (Fig. 1) and NA (Fig. S1 , Supporting information) genes. The phylogenetic tree was also dominated by sequences isolated in Java and Bali (Fig. 1, blue) , while some other well (bootstrap)-supported lineages, such as those of group 1 and the 2A, 2B and 2C sublineages, which are relatively small in size, have become established in Sumatra and other islands (Fig. 1 , red and green). This phylogenetic structure therefore suggests that these Sumatra and other island lineages (termed 'outside-Java lineages' hereafter) were probably derived from Java and Bali. A small number of Java and Bali islands sequences were positioned within the outside-Java lineages, suggestive of some viral migration back to Java and Bali islands, albeit relatively rare. Overall, our data are congruent with previous epidemiological data, suggesting that Java and Bali were the locations of initial H5N1 HPAIV invasion and a stepping stone for subsequent dispersion to other parts of Indonesia (Soebandrio 2005) .
Timescale of epizootic history
Different molecular clock models were used to infer the timescale of H5N1 HPAIV evolution in Indonesia. An uncorrelated exponential distributed (UCED) relaxed clock model outperformed both the uncorrelated lognormal distributed (UCLN) and strict clock models in Bayes factor tests (both lnBFs>2.99), although they produced similar results. Independent BMCMC analyses of the HA and NA genes ( 
Logistic growth of relative genetic diversity
To understand the demographic history of H5N1 virus in Indonesia, we explored the changing pattern of relative genetic diversity in the HA and NA sequence data sets. Bayesian skyline plots (Fig. 2b , c) revealed a logistic-like growth in relative viral genetic diversity, and ML model fitting consistently selected logistic growth model as the best demographic model (Table S2 ; Fig. S2e , f, Supporting information). Importantly, the logistic pattern of viral population dynamics comprises an 'invasion' phase characterized by a rapid burst of relative genetic diversity, followed by a 'maintenance' phase during which viral lineage diversification was in line with a generally constant population size model with small fluctuations (Fig. 2b , c; red and blue lines for HA and NA viral genes, respectively). The growth rates of relative genetic diversity in the invasion phase are 15.025 (CI: 9.864-18.716) per year and 17.751 (CI: 11.869-20.576) per year for HA (r HA ) and NA (r NA ) data sets, respectively. Using the relation k = ln2 ⁄ r, the epizootic doubling times (k HA and k NA ) of Indonesian H5N1 HPIAV are then 0.046 year (CI: 0.037-0.070) and 0.039 year (CI: 0.034-0.058), respectively. Their average is 0.042 year (approximately 2.2 weeks).
Positive selection and its temporal and phylogenetic distribution
To determine the temporal dynamics of 'gene-wide' selection on the entire coding regions of HA and NA genes, global d N and d S divergences were estimated over time. This revealed that both d N and d S increased steadily through time (Fig. S2c, d , Supporting information), such that the magnitude of overall selective (Fig. 1); (b, c) pressure on the HA and NA was relatively constant. Moreover, no significant changes in nucleotide substitution rate (substitutions ⁄ site ⁄ year) were observed in the HA and NA genes during the course of H5N1 HPAIV outbreaks in Indonesia (Fig. S2a, b , Supporting information).
Despite this, some sites in the HA (sites 6, 156 172) and NA (site 440) genes were consistently detected as positively selected by both the M7 ⁄ M8 models in CODEML and the FEL method in HYPHY (i.e. d N > d S ; Table 1 ). Interestingly, a temporal clustering of substitutions at the positively selected sites in the HA gene was observed (Fig. 1 , square blocks on branches): substitutions at sites 156 (yellow) and 172 (orange) clustered in the early lineages near the root, whereas substitutions at site 6 (white) appeared more frequently in later lineages. In general, positively selected sites in HA occurred more frequently ( Fig. 2b; Fig. S2g , Supporting information) in the first 12-14 months after the tMRCA of Indonesian H5N1 HPAIV and subsequently declined in the 'maintenance' phase of epidemiological history. In contrast, for NA, the proportion of positively selected sites steadily increased in time, reaching its highest level ( Fig. 2c; Fig. S2h , Supporting information) during early to late 2005.
Spatial structure of H5N1 HPAIV in Java and Bali islands
The spatial structure of H5N1 HPAIV evolution in Java and Bali islands was studied by estimating the ancestral geographical state changes using parsimony-based phylogeographic methods. Notably, the total number of observed state changes is significantly (P < 0.0002) less than the total number of expected state changes assuming panmixis, indicating that the H5N1 HPAIV phylogeny is spatially isolated across Java and Bali islands in general.
Despite this spatial partitioning, differences in the observed and expected state changes (i.e. the O-E index) between adjacent geographical states (i.e. adjacent provinces) were generally higher than those between distant states (idealized in *The posterior probability and P value in LRT with null hypothesis of the site are shown in parenthesis for the BEB and FEL analyses, respectively. Positively selected sites that are consistently identified by BEB and FEL methods are in bold. † In the BEB analysis, subsamples (maximum 15 sequences per year, total n = 68) of HA sequences were randomly drawn eight times.
Only sites that reported significance (posterior probability > 0.9) in all eight subsamples are listed here.
between the adjacent Jakarta and Banten ⁄ West Java provinces were higher than those among more geographically distant provinces. Furthermore, the mean numbers of observed changes between many adjacent geographical states were not significantly less than their expected number (P > 0.05, idealized in Table 2 ), again suggesting that viral movements were less restricted between neighbouring regions. A discrete Bayesian phylogeographic analysis yielded largely consistent results; most of the neighbouring regions were shown (by the Bayes factor tests, BF > 2.99) to be frequently involved in the viral diffusion process (marked with asterisks in Table 2 ). Interestingly, such isolationby-distance effect was also observed in the low pathogenic avian influenza circulating among North American wild birds (Lam et al. 2012) .
Correlation between genetic and spatial divergences
Three types of scatter plots (Fig. 3a-c) were used to study the genetic-spatial correlation of H5N1 HPAIV in Indonesia: (i) the spatial distance (km) from each viral sample to the mid-point between Pekalongan and Purbalingga (the first two regencies to report H5N1 HPAIV in Indonesia in August 2003 (Soebandrio 2005) and therefore the putative location of emergence) versus the genetic distance from the viral sample to the root of the phylogeny (Fig. 3a) ; (ii) pairwise genetic distances for all possible pairs of viral samples versus their pairwise spatial distances (Fig. 3b) ; and (iii) average pairwise genetic distances for all possible pairs of viral sample in every spatial distance bin (5 km per bin; Fig. 3c ). The frequency distribution of the distance bin is shown in Fig. S3 (Supporting information). The measurement of genetic and spatial divergences in Fig. 3a -c was first taken without considering viral migration history (as illustrated in Fig. 4b ). Accordingly, plots in Fig. 3a , b gave poor correlations (R 2 = 0.004 and 0.069 for plot (i) and (ii), respectively)
for the spatial and genetic divergences. Although the binned-distance plot (iii) (Fig. 3c ) gave a better spatialgenetic correlation (R 2 = 0.822), the large variability of the data points in each distance bin was ignored in this case. This result suggests that spatial distance is not well correlated with genetic divergence in H5N1 HPAIV in Indonesia. However, such 'pairwise' spatial distance or divergence measurements, which ignore the exact history of viral migration, may fail to reveal the underlying spatial-genetic correlations. A possible explanation is illustrated in Fig. 4 : If viral dispersal takes indirect routes and happens to return to a location close to the origin after several years, direct pairwise spatial distance measurements that ignore these paths in the viral migration history may lead to an underestimation of the spatial distance travelled for two genetically distant viral variants. This seemingly removes the underlying genetic-spatial correlation in the plots. A solution to this problem is to infer the possible ancestral localities of the ancestral nodes in the tree and hence estimate the past migration pathway. In this case, the spatial distance between two viruses (or between the root and the virus) can be calculated as the distance 'travelled' by the two viruses in their migration history since the origin of their lineage. The migration pathway of H5N1 HPAIV circulating in Java and Bali during 2003-2007 was inferred using a parsimony-based method (Fig. S5 , Supporting information). Based on the migration paths, the spatial distances between two viral samples were then recalculated as the sum of the distances travelled from their MRCA to the two tips. The results reveal a substantial improvement in spatial-genetic correlations (Fig. 3d-f ) with R 2 = 0.430 for the estimated root locality in Fig. 3d , R 2 = 0.337 for the pairwise comparison in Fig. 3e and R 2 = 0.868 for the binned pairwise comparison in Fig. 3f , compared to the calculation without migration history (Fig. 3a-c) . Furthermore, a Mantel permutation test reveals that this correlation is significant (P < 0.001; Fig. S4 , Supporting information). 
The trajectory of H5N1 HPAIV migration in Java and Bali
Our parsimony-based phylogeographic analysis (Fig. S5 , Supporting information) revealed that the ancestral H5N1 HPAIV probably originated in East Java and that its persistent genetic variants-as represented by the trunk lineage-spread in opposite directions towards eastern Java (to Bali) and to western Java (to Central Java, West Java, Jakarta and Banten) and afterwards moved back to the central part of Java Island. The trunk lineage was defined as which started at the root of tree and ended with the three most recent lineages-i.e. groups 2, 3 and 4-circulating in Java Island in 2006-2007 (see Fig. S5 , Supporting information). As the locations of some viral isolates were estimated from their strain names (Table S1 ; Fig. S6 , Supporting information), it is possible that this may have introduced some inaccuracy. However, when our analysis was repeated using 1000 simulations of 5% random errors in sampling locations, we observed that the estimated ancestral states in the trunk lineage were not seriously affected (70-90% consistency, Fig. S5 , Supporting information), and the major direction of migration remained unchanged. Furthermore, application of a discrete Bayesian phylogeographic method yielded a generally similar pathway of migration as the parsimony method (data not shown).
Both the parsimony and discrete Bayesian phylogeographic analyses used provinces as the geographical states. To infer the viral migration trajectory in a higher resolution, we increased the precision of geographical states to the regency and city level and accommodated these locations in a bivariate diffusion model ) that allows us to estimate the spatial diffusion in continuous space. The inferred trajectory was scaled by a real timescale (Fig. 5) . This analysis consistently demonstrated a similar, but more precise, trajectory as the parsimony method. The time-series animation of the trajectory is provided in online supplementary files.
Discussion
RNA viruses are exemplars of species invasion, frequently jumping species barriers to emerge in new hosts or spreading to new geographical localities within established hosts. In addition, their remarkably rapid evolution enables the genetic events that accompany species invasion to be followed in real time. Herein, we used a suite of state-of-the-art phylogenetic methods to reveal key aspects of the invasion and spread of a highly pathogenic RNA virus into poultry populations in Indonesia. We show that the evolution of H5N1 HPAIV in Indonesia was characterized by a rapid burst of relative genetic diversity and increased positive selection in the HA protein during the early epidemic, indicative of rapid host adaptation. In addition, we show that the viral variants persisting in Indonesia underwent complex bidirectional dispersion across Java and Bali islands while maintaining a fairly constant rate of genetic variation by the distance travelled.
The initially rapid growth of genetic diversity in the Indonesian H5N1 HPAIV, as well as the observation that the number of poultry death was highest (10 . We suggest that these qualitative stages may be a common feature of the evolutionary dynamics of other ecological invasions. These observations underscore the importance of population structuring, including geographic expansion and colonization, in the maintenance of genetic diversity. Despite the insights into the initial epizootic expansion and subsequent enzootic maintenance that is corroborated by both epidemiological and genetic data, a number of key questions remain. For example, it is evident from our phylogenetic analyses as well as those from other studies (Lam et al. 2008a; Takano et al. 2009) that the Indonesian H5N1 HPAIV has developed persistent lineages (i.e. group 1, 2A, 2B and 2C; Fig. 1 ) in the regions distant to Java and Bali from early 2004 onwards. If so, why does the number of poultry deaths owing to H5N1 infection decline (Fig. 2d) ? Large-scale vaccination in Indonesian poultry farms since 2004 (Soebandrio 2005) may partly explain this observation. Nonetheless, in this context it is important to note that the data on poultry mortality owing to H5N1 HPAIV are incomplete for any single source that is assessable. Therefore, Fig. 2d combines three sources of data that may not be directly comparable (Table S3 , Supporting information). In addition, serological data revealing the prevalence of H5N1 infection in the avian population, which were unfortunately unavailable in this study, might help to explain these observations. The tMRCA of H5N1 HPAIV in Indonesia estimated from both HA and NA genes consistently fell between November 2002 and October 2003 (mean: June 2003 . While the upper value (October 2003) falls after the time when the first outbreak (August 2003) was reported (probably due to the lack of earlier samples in August-October 2003 in our data set), both the median and lower value (November 2002) are earlier than the first reported outbreak. It is therefore possible that the epizootic expansion of Indonesian H5N1 HPAIV occurred before the severe outbreaks in poultry were first reported in August 2003, a possibility that clearly merits further investigation. Indeed, such a time gap between the estimated MRCA and the first reported case of disease has been observed in a wide range of RNA viruses (Carrington et al. 2005; Biek et al. 2007; Lam et al. 2008b; Smith et al. 2009 ) and may reflect important aspects of pathogen ecology. For example, it is possible that the H5N1 virus may have spread in some wild or domestic waterfowls, which more often show milder disease symptoms following H5N1 infection (Perkins & Swayne 2002; Boon et al. 2007; Tang et al. 2009) , and hence may have gone unnoticed, before spilling over to land-based poultry. Clearly, the respective roles of land-based poultry and aquatic birds in driving the early epizootic expansion of H5N1 HPAIV in different countries remain to be fully disentangled.
Although we observed a population subdivision of H5N1 HPAIV by geography within Indonesia (P < 0.0002; by Slatkin-Maddison test) , this subdivision appears to be more evident at the time of population maintenance when the geographically diverse lineages began to establish. If population subdivision was indeed absent during the initial viral invasion, the average population growth rate in the expansion phase, 16.388 (maximum CI range in HA and NA gene data sets: 9.864-20.576) per year, would imply that the effective population size of the H5N1 HPAIV has doubled in 2.2 (1.77-3.65) weeks, which is comparable to that of dengue-4 viruses during their invasion into Americas (Carrington et al. 2005) and much higher than those reported from other viruses (Pybus et al. 2001; Twiddy et al. 2003; Shackelton et al. 2005; Hon et al. 2006; Biek et al. 2007) . Similar estimates of mean doubling time-of 2.6, 1.8 and 4.0 weeks (average: 2.8 weeks) in August, September and November 2003, respectively-were obtained from poultry mortality data. Such rapid spread means that systematic surveillance of apparently healthy domestic and wild birds with a frequency up to weeks may be required to prevent the virus becoming established in the host population.
Also of note was that several sites including the 6, 156 and 172 residues in the HA protein were detected to be under positive selection (d N ⁄ d S = 2.6; Table 1 ). Moreover, this site-specific selection was prevalent during the early phase of H5N1 HPAIV invasion (Fig. 2b,  c) . Many of the positively selected sites were positioned at or close to the antigenic epitopes of the HA protein, suggesting a direct role in immunological selection. For example, residues (numbered from the first residue of signal peptide) 156 and 157 are located in the antigenic sites of HA protein (Kaverin et al. 2002) , residue 225 is adjacent to antigenic site D on site 228 (WHO 2005) , while the substitutions at residue 172 will lead to glycosylation in asparagine 170 (WHO 2005) , which usually results in increased virulence and viral adaptation in terrestrial birds (Perdue & Suarez 2000; Baigent & McCauley 2001) . Notably, during the early epidemic, infected chickens often died, such that there would be little time for adaptive immunity to accumulate. Therefore, the early selective pressure on HA antigenic sites might partly originate from existing weak herd immunity in some commercial breeding farms that adopted regular vaccination before the H5N1 outbreak. Indeed, large-scale vaccination of poultry in Indonesia was started in mid-2004 (Soebandrio 2005) and might have in part driven the virus evolution since then.
The existence of correlations between the genetic divergence of the viruses and their 'pairwise' spatial distances helps to understanding patterns of viral emergence. For example, by assuming such spatial-genetic correlation, it was postulated that a strain of Ebola virus underwent a 'wave-like' spread in central Africa from 1976 to 2003 (Walsh et al. 2005) . Similarly, it was estimated that fox rabies virus spread as an irregular wave with two arms invading from northern Ontario into southern Ontario in the 1980s and 1990s . The genetic isolation-by-distance demonstrated in that study revealed that rabies virus spread in a gradual and unidirectional manner in the wild fox population.
However, the gradual unidirectional pattern of disease spread does not always hold. Indeed, this association is often complicated by host density distribution and movement, the replenishment of the susceptible population, and mitigation and containment strategies. Human transportation may also play a role in the disease spread if it was transmitted in poultry, pet animals or through vectors (e.g. mosquitoes, faeces, seeds) that could be carried by the modern transportation methods. As a consequence, the 'pairwise' approach to measure the spatial divergence may not be applicable to H5N1 HPAIV which, as we show here, apparently had undergone more complicated spatial dispersion (Figs 3 and 5 ; Fig. S5 , Supporting information). Indeed, it is possible
that the extensive dispersal of Indonesian H5N1 HPAIV is in part driven by the human-medicated translocation of chickens between distant areas, such as production sites and markets, if not by migratory birds (Stoops et al. 2009; Lam et al. 2012 ) that are not part of our sequence data sets. In particular, nationwide movements of poultry were extensive in Indonesia because of the intricate and long-ranged poultry market chain. Poultry trading was almost unrestricted within districts and subdistricts and might also occur between provinces (Sumiarto & Arifin 2008) . Although the government has implemented a number of poultry movement checkpoints between provinces, many lacked technical veterinary procedures for disease detection (Sumiarto & Arifin 2008) . Studies also showed that during the H5N1 outbreak, diseased chicken may have been traded for reduced prices (ILRI 2008) . Long-distance movements may have provided rapid access to a large proportion of the susceptible avian population facilitating the viral expansion and early establishment of genetically divergent lineages.
According to the 'surfing mutation' model, mutations (or lineages from a phylogenetic perspective) that arise at the wave front of an expanding population have a greater chance of being carried over long distances and hence achieve higher frequencies than those that arise at a later stage (Edmonds et al. 2004; Klopfstein et al. 2006 ). This process is exemplified by rabies virus among North American raccoons, in which later waves of virus transmission were more local (and exhibited a lower dispersal rate) than the initial waves (Biek et al. 2007; Lemey et al. 2010) . However, this model does not seem to fit our observation that the dispersion rate of H5N1 HPAIV remained fairly stable from the time of viral invasion (Fig. S7, Supporting information) . Furthermore, it is notable that H5N1 HPAIV in Indonesia spread much more rapidly (mean rate of 325 km ⁄ year) compared to rabies virus in North American raccoon (<50 km ⁄ year), most likely reflecting a combination of high viral infectiousness and the long-distance movement of infected poultry mediated by humans. Interestingly, human-mediated dispersal has been suggested for the spread of rabies virus in other ecological contexts, notably in dog populations from North Africa (Talbi et al. 2010) .
Our reconstruction of viral spread across the phylogeny is likely to be useful in pinpointing the geographical regions in which H5N1 HPAIV was able to persist, information which is central to the establishment of effective disease control policies. Furthermore, active surveillance systems could be implemented in regions that are of high risk of viral persistence, and which will provide timely information to combat the disease before it develops beyond control. While the recent commencement of the Participatory Disease Surveillance and Response (PDSR) program (Azhar et al. 2010) , which involved the community in detecting and reporting cases of HPAI disease in poultry in Indonesia, has been successful, our estimated pathway of viral spread might help in the assignment of resource allocation.
As is in any phylogeographic analysis, incomplete and potentially biased sampling may adversely affect the accuracy and precision of the results obtained. In this context, it is noteworthy that although our data set of Indonesian H5N1 HPAIV sequence is one of the most comprehensive sets at the time of undertaking our study, it only includes viruses from Central and East Java that were sampled before 2004. Moreover, while our sequences were mostly isolated from poultry, some wild birds in Indonesia have been found to be infected by H5N1 HPAIV (Stoops et al. 2009; Poetranto et al. 2011) , which might have influenced the dispersal pattern. However, irrespective of these potential biases, it is important to note that the estimation of the geographic location of the root did not solely rely on the localities of earliest sampled viruses, but also on those viruses that fell close to the root (some of which were isolated in 2004 and from more other localities, e.g. West Java and Bali). In addition, geographical states estimated in trunk lineages are generally less susceptible to the sampling shortage than other internal and external lineages. Therefore, we expect that the availability of more geographically extensive archived samples collected in 2003 would further refine but not greatly change the pathway of viral migration inferred in this study.
More generally, our study of H5N1 HPAIV in Indonesia represents a useful model for studying pathogen evolution and transmission dynamics from invasion to maintenance, and particularly for other viral systems in which the dual processes of spatial spread and allele fixation can be observed in real time. We therefore believe that the approaches used here can be applied to understand the phylodynamics of other rapidly evolving pathogens, which may have important implications for disease emergence. Furthermore, these techniques may be also applicable to economically important invasions by animal or plant populations, so long as highly polymorphic or rapidly evolving genetic markers for those populations can be identified. T.T.L. research focuses on the evolution and ecology of pathogens. He is particularly interested in the usage of phylogenetics to study viral infection and epidemiology. C.H. research interests are pathogen genomics and phylogenetics. P.L. research interests are centered around phylogenetics and evolutionary virology, from large-scale epidemic processes to small-scale transmission histories and within-host evolutionary processes. O.G.P. investigates the evolutionary and ecological dynamics of infectious diseases, particularly pathogenic RNA viruses. In general, he is interested in topics at the interface between ecology and evolution including adaptive radiation, speciation, and molecular ecology. M.S. research interest is the molecular evolution of viral organisms. H.M.T. and J.J. are molecular virologists with interests in evolution and pathogenesis of animal viruses. J.L. is a bioinformatician with an interest in evolutionary genomics. E.H. research focuses on the evolutionary genetics of viruses, particularly the major mechanisms of virus evolution, the molecular epidemiology of animal and human pathogens, and the evolutionary processes that underpin viral emergence. F.C.L. research area centers around molecular biotechnology focused in evolution of animal and human viruses and bacteria genomics specifically in developing the model in understanding the molecular evolutionary mechanism and pathways underline the emergence.
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